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ABSTRACT 

We present recent Hubble Space Telescope observations of the inner filament of Centau- 
rus A, using the new Wide Field Camera 3 (WFC3) F225W,F651N and FSUW filters. We 
find a young stellar population near the south-west tip of the filament. Combining the WFC3 
dataset with archival Advanced Camera for Surveys (ACS) F606W observations, we are able 
to constrain the ages of these stars to <10 Myrs, with best-fit ages of 1-4 Myrs. No further 
recent star-formation is found along the filament. 

Based on the location and age of this stellar population, and the fact that there is no radio 
lobe or jet activity ne ar the star-format ion, we propose an updated explanation for the origin 
of the inner filament. ISutherland et al.l suggested that radio jet-induced shocks can drive the 
observed optical line emission. We argue that such shocks can naturally arise due to a weak 
cocoon-driven bow shock (rather than from the radio jet directly), propagating through the 
diffuse interstellar medium from a location near the inner northern radio lobe. The shock can 
overrun a molecular cloud, triggering star-formation in the dense molecular cores. Ablation 
and shock heating of the diffuse gas then gives rise to the observed optical line and X-ray 
emission. Deeper X-ray observations should show more diffuse emission along the filament. 

Key words: galaxies: elliptical and lenticular, cD; ultraviolet: galaxies; galaxies: individual: 
NGC 5128; galaxies: active; intergalactic medium; galaxies: jets 



1 INTRODUCTION 

The peculiar elliptical galaxy NGC 5128 is an archetypal example 
of a post-merger system, believed to have formed via a merger be - 
tween an early-type galaxy and a gas-rich disk galaxy dlsraelll998h . 
Located in a poor group at a distance of 3.7 Mpc, it hosts the clos- 
est powerful extragalactic radio source, Centaurus A. These fac- 
tors make Centaurus A the perfect laboratory for studies of star- 
formation and the interaction between the energetic output of su- 
permassive black holes and their surroundings. 

Centaurus A has been extensively studied at wavelengths 
rangi ng from radio all the way through to y-rays. Radio images 
(e.g. iMorganti et all 1 19991) show multiple synchrotron-emitting 
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lobes , potentially indicativ e of restarting activity dSaxton et al.l 
1200 ll ; lMorgantietai]|l999h . A pair of inner lobes at 5 kpc from 
the nucleus co-exist with a single Northern Middle Lobe at 25-30 
kpc (Fig. [T). On the largest scales, a pair of outer lob es is seen 
at around 100 kpc from the nucleus dFeain et al]|2009h . The bent 
nature and re-orientation of the jets between these three scales 
suggests inter actions between the jets and gaseous environment 
are important l lGopal-Krishna & Wiital201Ch . Further evidence for 
this is provided by observations of X-ray knots along the radio 
jet, most likely tr iggered by jet interaction with dense gas clumps 
dKraft et alj|2009h . 

It is well-known that interaction between radio sources and 
their environment can result in significant quenching of gas cool- 
ing and star-formation. Such feedback is often invoked to ex- 
plain the lack of significant recent star-formation in massive el- 
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lipticals dBower et al]2006l ; IShabala & Alexandeill2009l) . Recently, 
IShabala et al.1 J201 lb have shown that radio sources can suppress 
star-formation on scales of groups and clusters, by heating and 
sweeping gas out of satellite galaxies. However, radio jets can also 
trigger star-formation by compressing dense gas with short radia- 
tive cooling times. This phenomenon is modelled in simulations 
(e.g. iTortora et al.ll2009h . and explains the so-called alignment ef- 
fect between the radio, UV a nd optical line emission along the jet 
axis in distant radio galaxies dMcCarthvlll993l :l Best et al . 1996).' 

Two filaments, observed as narrow-line optical emission, 
are found in the vicinity of the Northern Middle Lobe (Fig. QJ 
and oriented more or less in the direction of the inner radio je t 
dMorganti et all 1 19991 ; iBlanco et all 1 19751 ; IPeterson et al] Il975l) . 
The inner filament is loc ated 8.5 kpc from the nucleus, some 2 kpc 
away from the radio jets dMorganti et alj 19991) , while the outer one 
is 18 kpc from the central engine and aligned with the radio emis- 
sion. Broad-band optical observations revea l that both filaments 
conta i n hot, young stars of <10 Myr s old dReikuba et aL 1200 ll 
12001 |2004 Fassett & Graham! |2000| : iGraham & Fassettl I2OO2I) . 
However, while the youn g stars appear to be evenly distributed 
along the outer filament dReikuba et al.l 1200 ll ; iFassett & Graharr] 
l200Cb . those in the inner filament are concentrated at its south- 
western tip, closest to the galaxy nucleus dReikuba et ai1l2002l) . 

H I observations highlight another difference between the fil- 
aments. T he outer filament lies in very close proximity to a larg e 
H I cloud dSchiminovich et al ] |l994l ; IOosterloo & Morgantfeoosf) . 
The transverse dimension of the cloud is comparable to the filament 
length, and the rotational vel ocity of the cloud supports it from col- 
lapsing towards the nucleus dSchiminovich et alj|l994l). Moreover, 
the stellar age of ~ 10-15 Myrs dReikuba et alj|2002h is consis- 
tent with the crossing time of the cloud across the radio jet, and the 
ionized gas velocit ies within the filamentary structure are similar t o 
the cloud velocity dSchiminovich et alJl994l ; rGrahamll983l|l998l) . 
This scenario led a number of authors (e.g. iReikuba et alj|2002l ; 
iGopal-Krishna & Wiitafcdich to suggest that the outer filament is a 
prime example of recent jet-induced star-formation, which is prob- 
ably still ongoing dMould et al. ll200d : lRe"ikuba et alj2004 . On the 
other hand, no such HI cloud is observed in the vicinity of the inner 
filament. 

Despite the lack of cold gas and distributed stellar populations, 
the inner filament appears brighter and more tightly collimated in 
optical emission lines than the outer filament. This emission is also 
less uniform across the filament, appearing m uch brighter at the end 
nearest to the nucleus dMorganti et al.|[l99ll) . Two potential mech- 
anisms have been proposed as being re sponsible for the line e mis- 
sion: photoion ization by the nucleus dMorganti et al.l ll~99lh and 
shock heating dSutherlandetai]|l993h . The photoionization model 
requires Centaurus A to be a blazar, which i s at odds with radio ob- 
servations of its jets dHardcastle et alj2003l) . It also fails to account 
for the highest ex citation lines and complex velocity structure in 
the inner filament favans & Kora tkar 2004; Graham & Price! 198 J ; 
iMorganti et al. 1991). The j et-driv en shock excitation model sug- 
gested by Sutherland et alj d 19931) can explain both the high and 
low-excitation emission by invoking fast and slow-moving shocks. 
However, this model explicitly requires the presence of a radio jet 
in the vicinity of the filament, which is not obse rved. It also fails to 

redic t the distributed X-ray emission found bv lEvans & KoratkaJ 

20041) . 

In this work, we employ high-resolution Hubble Space Tele- 
scope (HST) Wide Field Camera 3 (WFC3) observations to exam- 
ine star-formation in the inner filament. The unique spatial res- 
olution and sensitivity of WFC3, in particular at near-ultraviolet 



(NUV) wavelengths, enables us to isolate and estimate reliable ages 
for stars and stellar populations. The location and ages of these stars 
place new constraints on the possible origin and evolution of the in- 
ner filament. 

The paper is structured as follows. In Section [2] we describe 
the observations and object detection. Identification of stellar pop- 
ulations and derivation of parameters (in particular, stellar ages) is 
presented in Section[3] We discuss the implications of our findings 
in the context of triggered star-formation and the AGN - gas inter- 
action in Section|4] We conclude in Section[5] 

Throughout the paper, a distance of 3.68 ± 0.43 Mpc (ji = 
27.83 ± 0.24) to Centaurus A is assumed, giving a scale of 1' = 
1.07 kpc. This distance is taken from NEE0and is the mean of sev- 
eral dista nce estimates made u sing a range of methods: Cepheid 
variables dFerrarese et alj2007l); T ype la supernovae (e.g. ljha et al.1 



2007; Ruiz-Lapuente et al 
(e.g. iFerrarese et al. 1120071; 



Il992l); surface brig htness fluctuations 



Shop bell et al.1 1993 ) ; tip of the red gi 



ant branch (e.g. lRizzi et aU 2007; iReikubalbooilSoria et aljl996t) : 
globular cluster radius dChattopadhvav et alj|200gb~ globular clus- 
ter luminosity f unction dHarris et al.lll984l); planetary n ebula lumi- 
nosity fimct^JcjaM^ Mira vari- 
ables dReikubalr2ob4l) . 



2 HUBBLE SPACE TELESCOPE OBSERVATIONS 

Our recent HST observations of the Cen A inner filament were 
made using the new WFC3 as part of the WFC3 SOC (Scientific 
Oversight Committee) Early Release Science Program (HST pro- 
gram 11360, PI: R. O'Connell). These data, taken 2010 Jul 02, 
were obtained using the F225W, F651N and F8UW filters (NUV, 
Ha + [N II], and /-band respectively). Of particular note is the 
F225W (NUV) data. Later in this paper, we exploit the sensitiv- 
ity of the NUV to stellar age in order to age date the very recent 
star-formation in and around the inner filament. 

Earlier HST observations of the Cen A inner filament from 
2004 Aug 10&11 were found in the HST archive (HST program 
10260, PI: W. Harris). Taken with the Advanced Camera for Sur- 
veys (ACS), these data comprise of three separate pointings, all in 
the F606W filter. This very broad 'V-band filter spans a number 
of prominent emission lines which dominate the optical spectrum 
of the inner-filament - most notably [OIII] 4959A,5007A, [OI] 
6300A,6370A, [Nil] 6548A,6584A, Ha, and [SII] 6725A. The fil- 
amentary structure is therefore strongly detected in the F606W im- 
age. 

The ACS data sets were downloaded from the HST archival at 
the Space Telescope Science Institute (STScI) via the on-the-fly re- 
calibration (OTFR) pipeline, and we adopted the pipeline drizzled 
data as our science images. The WFC3 data were bias, dark and flat- 
field corrected locally using calwfc3, and subsequently drizzled us- 
ing the multidrizzle image reconstruction software. The purpose 
of multidrizzle (both the pipeline and local implementations) was 
to align exposures in each filter, correct for geometric distortion, 
remove defects such as cosmic rays and hot pixels, and combine 
the exposures using the drizzle image reconstruction technique of 
iFruchter & Hookl d2002l) . The latest calibration files, including im- 
age distortion coefficient tables (IDCTAB), were downloaded from 



1 http://nedwww.ipac. caltech.edu/cgi-bin/nDistance?name=NGC+5 128 

2 http://archive.stsci.edu/hst 
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Right Ascension (J2000) 



Figure 1. Reproduction of Fig. 1 from lOosterloo & Morgantil J2005h . Optical image (provided by D. Malin) showing the location of the inner and outer 
filaments relative to the nucleus of Cen A, and the radio jet (white contours). The black contours show the position of the HI cloud, associated with the outer 
filament, which is crossing the radio jet. Angular size of 1' corresponds to 1.07 kpc. Note that the large diffuse pattern in the top left corner is an image artefact 
and not a real object. 



the WFC3 reference file w ebsitjE Further details of WFC3/UVIS 
data reduction are given bv lWindhorst et al.l (1201 lh . 

The Cen A inner filament is strongly detected in ACS F606W 
and WFC3 F657/V as optical line emission from ionized gas. It is 
situated ~ 8.5 kpc to the north-east of the galaxy nucleus, and ex- 
tends a further 2200 pc along the same direction, with a width of 
~50-100 pc. (Note all of the above are projected lengths). The first 
500 pc of the filament, beginning in the south-west closest to the 
galaxy nucleus, consists of three major groups of extended emis- 
sion. These appear as unresolved 'blobs' in the seeing-limited ob- 
servations of lMorganti et al.ldl99l|)(see their Fig. 2a ) , who label th e 
regions A, B and C (following iBlanco et al.ll 19751 ; IOsmeJll978h . 



Table 1. HST observations of the Cen A inner filament 



Date 


Instrument 


Filter 


Exposure Time 
(s) 


2004 Aug 10 


ACS/WFC 


F606W 


2370 


2004 Aug 10 


ACS/WFC 


F606W 


2370 


2010 Jul 02 


WFC3/UVIS 


F225W 


2232 


2010 Jul 02 


WFC3/UVIS 


F657N (Ho; + [N II]) 


1640 


2010 Jul 02 


WFC3/UVIS 


F814W 


1050 



3 http://www.stsci.edu/hst/observatory/cdbs/SIfileInfo/WFC3/reftablequeryindex The HST images in Figs.[2]-j5]reveal significant structure in these 
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regions. Shell-like features are visible, which presumably demar- 
cate regions of higher density gas (perhaps due to compression by 
shocks), and appear to lie perpendicular to the line extending from 
the galaxy nucleus, and along the inner filament. 

The filament continues to the north-east with decreased sur- 
face brightness, an d appears to be split i nto two further regions, 
labelled E and F by iMorganti et al .1 d 199 ll) Fl The morphologies of 
regions E and F are less well defined in the HST imagery due to 
low surface brightness. However, there are tentative traces of shell 
structures orthogonal to the main axis of the filament, similar to 
those seen in regions A to C. 



2.1 Object detection 

A unique aspect of the WFC3 dataset is the inclusion of F225W 
observations. These diffraction limited NUV images are most sen- 
sitive to the hottest, youngest stars, and offer us clear information 
as to their properties and location in and around the inner filament. 
Give n that other purely o ptical studies have already been published 
(e.g. lReikubae"tai]|2002t) we have focussed our attention on those 
objects that are detected in F225W. 

We used daofind - part of the iraf daophot package 
JStetsonl [l987h - to automatically identify point sources in the 
F225W, F606W and F814W data. A 5cr detection threshold was 
applied. The resulting coordinate tables were cross-correlated to 
extract those objects detected in the F225W image and at least 
one other filter. Cross correlation of the ACS and WFC3 object 
positions required a transformation between the ACS F606W and 
WFC3 F814W coordinate grids, which was calculated using the 
iraf task geomap and the positions of 37 point sources common to 
both images. The ACS F606W coordinates were then transformed 
to the WFC3 coordinate frame using the task geoxytran. 

A final visual inspection of the data was carried out to check 
for any other common sources missed by daofind and cross- 
correlation, adding 17 extra objects to the list. Several of these 
were saturated objects that had been rejected by daofind due to their 
shape characteristics. Other added objects were just below the de- 
tection threshold and/or partially blended with neighbouring bright 
objects in one or more filters. 

The positions of all objects detected in F225 W and at least one 
other broadband filter are plotted on the two images in Fig. [3] The 
position markers have been colour-coded in relation to the observed 
colour of each of the objects, and this photometry will be described 
fully in the following section. However, it is useful to discuss now 
the relative morphologies of the two main populations we see in this 
figure - those with blue NUV-optical colours [(F225W - F814W) 
< 0; blue markers] and those with red colours [(F225W - F814W) 
> 0; red and green markers]. 

The most obvious difference is in their distributions across the 
field-of-view. Red objects appear quite evenly spread, while blue 
objects are mostly to the right (south west) of the frame, closest to 
the galaxy nucleus and the radio jet. 

Many of the red objects are very bright, or even saturated, 
in F606W and F814VK and have diffraction spikes or show clear 
diffraction patterns around the central peak of their PSFs. We con- 



4 The lac k of a region 'D' in l Moreanti et al] J 1 99 lh relates to the labeling 
scheme of iBlanco et al] ]l97sE who identified regions A, B and C of the 
inner filament, and used 'D' to denote what is now referred to as the outer 
filament. 



elude that these particular objects are most likely foreground stars 
in our own Milky Way. 

The highest concentration of blue objects is found at the SW- 
tip of the inner filament, which also harbours the brightest of the 
blue objects. It is also the only region that such blue objects are 
found in association with strong line-emission. The colours and 
magnitudes of these objects (discussed more fully in the following 
sections) coupled with the line-emission suggests the presence of 
young stars or star clusters. Figs. [4][5]&[6] show progressively mag- 
nified views of the SW-tip in greyscale and in colour, where the 
RGB colour images have been constructed by assigning F814W, 
F606W, and F225W to the red, green and blue channels respec- 
tively. The hot, blue stars are clearly seen concentrated in two re- 
gions at the SW-tip. No other blue stars are seen anywhere else 
along the emission-line filament^. 

The reader should note that the speckled background visible 
in the F606W and F814VK images in Figs.[3]&|4]or in the colour 
images shown in Figs. [5]&[6]l is not due to noise, but rather is the 
myriad of background stars detected in the body of Cen A. Interest- 
ingly, the stellar field coincident with the emission-line filament is 
indistinguishable from this general background, except at the SW- 
tip where we see the dense concentration of (presumably) young, 
NUV-bright stars. This suggests that recent star-formation in the 
inner filament has been predominantly confined to the SW-tip, and 
that no - or at least no significant - recent star-formation has taken 
place anywhere else along the filament. 

This contradicts the observations o flReikubaetai] ( l2002l) who 
reported the detection of young stars (< 10 Myrs) along the entire 
length of the inner filament (although they also noted the concen- 
trati on at the SW tip). Our Fig.|7]is a partial reproduction of Fig. 4 
from lReikuba et alJfcOO j) . showing the positions of the bluest (U- 
V) < -0.5 stars (black triangles) which they detected along the inner 
filament. We have overlaid a colour composite image, constructed 
from the same broadband U (blue) , V (green) and / (red) Magellan 
Telescope observations as used bv lReikuba et al] in their analysis. 
It is clear that the majority of these apparently blue stars lie along 
the filament, which also appears blue in this figure, most likely due 
to [Oil] 3727 A line-emission detected in the broad (/-band filter. 
Apart from the SW tip and a few other outlying sources, none of 
these blue stars are detected in our WFC3 F225W image. Given 
the resolution and depth of the HST data, we would have expected 
strong NUV detections if hot, young stars were present. 

If the dust extinction along the rest of the filament is much 
higher than at the SW tip, it might be possible that the NUV light 
from t he young stars is fully attenuated. However, iReikuba et al] 
( 120021) find no evidence for such high extinction . Another expl a- 
nation might be that the f/-band photometry from lReikuba et all is 
contaminated by [Oil] 3727 A line emission, leadin g to artificially 
bluer photometry. Lacking narrow-band imagery, IReikuba et al] 
had to rely on sky-background subtraction to correct for underly- 
ing line-emission in their stellar photometry, particularly in the U- 
band. We can see from the Magellan and HST images presented 
here that the surface brightness of the filament changes rapidly on 
short spatial scales. This makes it difficult to determine an appro- 
priate sky-background level for any individual object along the fil- 
ament. For example, where an object happens to coincide with a re- 
gion of higher emission-line flux, the background level determined 



5 5cr detection limits (Vegamag) are: F225W = 25.0; F606W = 27.4 
(no emission-line background), F606W = 26.8 (strong emission-line back- 
ground); F814W = 25.8 
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from the surrounding pixels will be an underestimate, leading to 
brighter source photometry. 

This may have been the ca se with some of the (/-band pho- 
tometry in lReikuba et al.l d2002t> . and would naturally explain why 
the majority of their blue star candidates are found associated with 
the brightest regions of the filament. Of course, one could also ar- 
gue that the association of young stars with regions of brighter 
line-emission is a direct consequence of their photoionization of 
the surrounding gas. Nevertheless, without narrow-band data it is 
difficult to rule out contamination in the {/-band photometry, and 
our WFC3 F225W observation strongly suggests that very young 
stars are almost entirely confined to the SW tip. 

In light of our HST data, it seems reasonable to suggest that 
photoionization by young stars (<10 Myr old) i s contributing to 
the str ong line-emission at the SW tip. Indeed, iGraham & Pried 
Jl98ll) have already shown that a spectrum of this region is sim- 
ilar to that of a normal HII region powered by embedded, hot stars. 
However, the apparent lack of young stars along the rest of the fil- 
ament, and the appearance of high excitation lines, suggests that 
some other mechanism must be exciting the gas in these regions. As 
mentioned in the introduction, two mechanisms have already been 
proposed to explain the line emis sion in the inner fila ment: pho- 
toionizat ion by the galaxy nucle us dlVIorganti et al.ll99lh and shock 
heating (Suth erland et alJI 19931) . Later in this paper we present a 
model, based on the Sutherland et al. shock heating hypothesis, 
which incorporates the formation of the inner filament, the X-ray 
flux and optical line emission, and the recent star-formation at the 
south-western tip. In the following section we focus on the star- 
formation, and attempt to fit ages to the young stellar populations 
using HST photometry. 
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Figure 7. Partial reproduction of Fig. 4 of Re ikuba et alj j2002h showing 
the positions of the bluest (U-V) < -0.5 stars (black triangles) which they 
detected along the inner filament. Here, we have overlaid a colour compos- 
ite image, constructed using the U (blue), V (green) and / (red) Magellan 
Telescope observations used by iRejkuba et al. [2002| in their analysis. The 



small square delineates Knot A o flRerkuba"et"alT72002t) . which we identify 
with the SW tip. 



3 STAR-FORMATION IN THE INNER FILAMENT 

As described above, two regions in the south-western tip of the 
inner filament (Figs. _2]&[5} shows signs of young, massive stars; 
namely bright, compact objects visible in all of the HST observa- 
tions (NUV to /-band). Fig. [6] shows magnified colour composite 
and greyscale F225W images of these fields. In the colour images, 
the F225W data is shown in blue, F606VK in green, and F814W in 
red. 

The diffuse green glow prominent in the north of Region 1, 
and concentrated around the NUV-bright star clusters, is strong 
line-emission detected in the broad F606W filter. In contrast, the 
blue objects in the south of Region 1, in Region 2, and throughout 
the rest of the field show little or no sign of such line-emission. 
This could suggest one or a combination of the following: (1) that 
the photo-ionizing flux emitted by these stars is too low; (2) that 
the gas density in these areas is lower than in the north of Region 
1; or (3) that gas has been swept out by stellar winds or shocks. 

Region 2 (situated to the south-west of Region 1 and closer to 
the galaxy nucleus) contains fewer NUV-bright objects, and shows 
only traces of line-emission arou nd its two brightest NU V compo- 
nents. It is detected in [OIII] by iMorganti et al.l Jl99lh (see their 
Fig. 2a), but at much lower intensity than Region 1. This again sug- 
gests lower photo-ionizing fluxes and/or gas densities than in the 
northern part of Region 1 . 

Also visible in the colour images is a multitude of yellow and 
red objects that are not detected in the NUV. These are apparently 
part of the background stellar populati on in Cen A as these stars 
appear throughout the HST field. From lReikuba et all J2004h , we 
expect the red giant branch (RGB) in Cen A to appear at magni- 



tudes V > 25.5 - 26 mag. The F606W photometry of the reddish 
objects is consistent with their being RGB stars, indicating ages of 
>1 Gyr. It is worth stressing that none of the red objects visible in 
Fig.|6]closest to the SW-tip are likely supergiants, as their absolute 
magnitudes (typically M F60f)W > -2) are too faint. 

It is instructive to determine the ages of the NUV-bright stellar 
po pulations within the inne r filament, particularly in the context of 
the lSutherland et aT] i 19931) shock heating framework. The possible 
association of an AGN related shock with a gas cloud and young 
stars points towards jet-induced star-formation - i.e. positive AGN 
feedback. In the following sections we carry out photometry on 
the HST ACS and WFC3 datasets, and subsequently compare the 
observed measurements to models of single stars and stellar popu- 
lations to determine ages. Although we present photometry for all 
sources detected in the F225W filter, our analysis and subsequent 
discussion is focussed on the dense concentration of blue objects at 
the SW-tip and the potential link between their formation and that 
of the emission-line filament. 

3.1 Photometry 

3.1.1 PSF '-fitting 

Photometry was carried out using point spre ad function (P SF) fit- 
ting tasks within the iraf daophot package Vega- 
mag zeropoints for both the WFC3 and ACS instruments were 
taken from their respective webpages hosted by STScfTl Only 

6 http://www.stsci.edu/hst/wfc3/phot_zp_lbn 

7 http://www.stsci.edu/hst/acs/analysis/zeropoints 
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Figure 2. Combined WFC3 F651N (Via + [Nil]) and F814W image of the Cen A inner filament and its i mmediate environment. The filament, observed here 
as Hff emission, is split into five major regions labelled A, B, C, E and F, following the labelling scheme oflMorganti et al] jl99ll) . (The absence of a region D 
is historical and relates to the discovery of regions A, B and C of the inner filament by Blanco et alj fl975l) . who denoted the outer filament as region D.) The 
filament has a projected length of ~ 125" (2200 pc), and width of ~ 3 — 6" (50-100pc). Its appears, at least in projection, to lie along a line originating at the 
galaxy nucleus and directed to the north-east. The majority of bright sources to the north-west of the filament are Galactic stars along the line of sight, although 
two Cen A globular clusters are marked (GCs 1 & 2). No young stars are found along the length of the filament, except in two regions in the south-western tip 
(labelled regions 1 & 2). 




Figure 3. ACS F606W and WFC3 F814W images showing the locations of all objects detected in F225W and at least one other filter. Blue markers indicate 
objects with observed (F225W - F814W) < 0, while red markers denote those with (F225W - F814W) > 0. Green markers denote objects that are saturated 
in the WFC3 F814W data. The different pointing of the ACS F606W image results in several objects falling outside the field-of-view to the south east. The 
inner filament is clearly visible in the centre of the F606W frame, running right to left (south west to north east). A concentration of blue, NUV-bright objects 
is located at its south western tip, but no other such objects are visible along the rest of the filament. Other blue objects are detected in the rest of the field - 
although nowhere with the same concentration as observed at the SW-tip - with the vast majority located in the west between the filament and the radio jet. 
The red and saturated objects (red and green markers) are more evenly distributed across the field-of-view, and many of these are likely foreground stars in our 
own Galaxy. Some, including GC 1 , are consistent with being globular clusters in Cen A. 
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Figure 4. WFC3 F225W, ACS F606W and WFC3 F814W image sections showing magnified view of regions A, B and C of the inner filament, including 
the SW-tip. Black circles mark the position of two likely foreground stars. It is immediately clear from the F225W image that the NUV-bright sources in this 
figure are confined entirely to the two regions in the SW-tip. No other NUV point-sources are detected coincident with any of the line emission anywhere else 
along this section of the filament. 




Figure 5. RGB colour composite image of regions A, B and C in the Cen A inner filament. This image was created using the WFC3 F225W (blue), ACS 
F606W (green) and WFC3 F814W (red) observations. The Ha emission of the filament falls within the F606W passband and is therefore visible in this figure 
as diffuse green emission. At HST resolution, regions A, B and C reveal a shell-like structure, with the shells oriented perpendicular to the main axis of the 
filament. No young stars are observed coincident with the filament, except at the south-west tip in the regions marked 1 and 2. In these fields we see significant 
NUV-flux, consistent with the presence of young, massive stars. 
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Figure 6. Magnified colour composite (left) and greyscale F225W (right) images of Regions 1 and 2 in the south-western tip of the Cen A inner filament. All 
images are oriented such that north is up and east is to the left. NUV bright sources are identified in the right-hand panels. The ID numbers correspond to those 
used in Figures nTI & l 1 2l (see Section l3.2.2t . The reader should note that object 1 is not coincident with the bright yellow object visible in the colour image - it 
is the fainter blue object immediately to the north-east. 



those sources detected in F225W and at least one other filter 
were analyzed, and this photometry is presented in Table I All The 
matched coordinate lists (as described in 32.lt were input to the 
allstar task, along with model PSFs for each of the broadband 
filters. Empirical PSF models were constructed using several, rel- 
atively bright stars in each image. Ideally, isolated stars should 
be used and this was possible in the F225W image. The highly 
crowded F606W and F814W images required a multi-stage pro- 
cess, in which an initial PSF model was created and subsequently 
used to subtract all objects close to the PSF stars. A second model 
was then generated from the cleaned image and the process re- 
peated until the photometry of the subtracted objects converged. 

The crowded nature of the F606W and F814W images in 
general, and of Regions 1 & 2 in all filters, necessitated the use 
of small fitting radii in order to properly measure photometry for 
close or partially blended objects. These radii were 1.8 pixels in 
WFC3/UVIS and 1.5 pixels in ACS/WFC. Median sky background 
levels were measured in concentric annuli with internal and exter- 
nal radii of 1.5" and 2" respectively. 

Contamination of the ACS F606W image by strong line emis- 
sion posed a particular problem for the photometry of some objects 
in Regions 1. Crowding and the rapid variation of the line emission 
on small spatial scales made it impossible to accurately measure the 
line emission using annular apertures. As mentioned previously in 
^2] the F606W filter spans several prominent emission lines which 



dominate the optical spectrum of the inner filament. The strongest 
of these are [OIII] 5007 A, and Ha 6563A. 

We have used the WFC3 F657N narrowband data to correct 
the F606W image for Ha and [Nil] 6548A,6584Aemission. First, 
we aligned and re-sampled the F657N data to the coordinate grid 
of the F606W image using the iraf tasks geomap and gregister. 
The ratio between the F606W and F651N continuum fluxes was 
calculated using synphot - part of the iraf stsdas package - and 
the spectrum of a K-type main sequence star. Such stars have only 
very weak Ha absorption lines and we could therefore assume that 
the calculated fluxes in both filters represented stellar continuum 
only. Appropriate scaling of the F606W data therefore allowed us 
to approximate the continuum emission of all stellar sources in the 
F657N image. Here, we derived a scale factor of 0.04. The F606W 
image was scaled and subtracted from the narrowband data result- 
ing in an F657N image free from stellar continuum. This emission 
line image was rescaled by a factor of 1.68 (again, calculated using 
synphot) to take into account the higher throughput of the F606W 
filter at the Ha and [Nil] wavelengths, and finally subtracted from 
the original F606W image. The final F606W image was thereby 
corrected for contaminating Ho- and [Nil] line emission. 

Our corrected F606W image still contains emission from sev- 
eral other lines, but without additional narrowband observations - 
in particular F502N which targets the [OIII] 5007 Aline - it is dif- 
ficult to remove all of the contamination. In an attempt to estimate 
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the flux contributions of the remaining emission lin es, we created a 
synthe tic spectrum using the line ratios recorded bv lMorganti et al.1 
dl99lh for the area closest to our Region 1. synphot was used to 
calculate the count rates in the F606W and F651N filters for this 
synthetic spectrum, from which we estimated that the emission line 
counts in the broadband image should be around 4.2 times higher 
than in the narrowband. However, this high scale factor lead to an 
over-subtraction in the vicinity of the brightest stars/star clusters in 
Region 1, observed as negative count values in the pixels surround- 
ing these objects. This suggests that the line ratios in the emitting 
gas coincident with these stars/star clusters might be different from 
those measured elsew here in the filament, an d indeed varying line 
ratios are observed bv lMorganti et alj ( fl99ll) - e.g. [OIII] 5007 A/ 
Ha. 

Since no reliable /^//-correction was deemed possible without 
further observations we have used the F606W image corrected for 
Ho- and [Nil] emission only. As a result object photometry in areas 
of strong line emission - the north of Region 1 (Fig. [6} - will most 
likely be artificially brightened due to uncorrected flux. 



3.1.2 Partially resolved objects 

While the majority of objects are relatively well fit by the stellar 
PSF, a few possess profiles that are significantly broader than that 
of a point source. In the case of objects 81 (also labelled GC 1 
in Figs. [2]&[3j and 109 (see Table lAlt the partially resolved ap- 
pearance is obvious to the naked eye, and they are identified as 
globular cluster candidates within Cen A. Photometry was mea- 
sured in large apertures with radii of 0.80" and 0.47" for objects 
82 and 109 respectively, the aperture sizes chosen to be roughly 3 
times the FWHM of each object in the F606W image. These radii 
reflect an approximate cut-off between each cluster and the stellar 
background. The high density of background point sources made 
it impossible to reliably isolate objects 82 and 109 in F606W and 
F814W, which subsequently prevented the accurate determination 
of total brightnesses. However, the measured colours are consid- 
ered reliable. 

Objects 12, 15 and 16 - located in the the northern part of Re- 
gion 1 (see Fig. [6} - were also found to be poorly fit by the stellar 
PSF, suggesting they are likely star clusters. We employed a modi- 
fied version of ishape jLarsenl 1999b to model each as a convolution 
of the stellar PSF and an intrinsic source function of variable size 
and shape. 

The standard implementation of ishape does not function well 
when targets are partially blended, which was the case for objects 
15 and 16. Despite a pixel weighting procedure that was designed to 
mask-out neighbouring objects, the fitted profiles for these objects 
invariably fell between their respective centroids. Our crude modi- 
fication was to fix the centroid of the fitted profile at a user-defined 
position, and to limit the radius within which x~ -minimization oc- 
curs to one smaller than the radius used to extract the fitted model 
- analogous to the fitrad and psfrad parameters in daophot PSF- 
fitting tasks. The residual images for objects 15 and 16 from our 
modified code showed a marked improvement over those produced 
by the standard version of ishape. 

The ishape models were used to define filter-dependent aper- 
ture corrections, which were subsequently applied to small aperture 
photometry of objects 12, 15 and 16. Radii of 1.8 WFC3/UVIS pix- 
els and 1.5 ACS/WFC pixels were chosen to prevent overlapping of 
apertures during photometry of objects 15 and 16. 



3.2 Age estimation 

We have taken the conservative approach of comparing all of the 
photometry to models of both stellar populations and single stars. 
Profile fitting suggested that most of the objects were consistent 
with the stellar PSF, but one cannot rule out the possibility that 
some of these might be close multiple systems (binaries etc.) or 
low-mass, compact stellar clusters based on profile characteristics 
alone. While it is true that neither model is particularly suited to 
these specific possibilities, the comparison of photometry to both 
models allowed us to identify those objects that are more consistent 
with one or the other, those that are consistent with both, and those 
that are not well fitted by either model. 

Ulitimately, our main aim was to determine reliable and robust 
age estimates for the NUV-bright objects in the SW tip of the inner 
filament. This was achieved through the convergence of the results 
from stellar population and single star model fitting as described in 
the following paragraphs. 



3.2.1 Simple stellar populations 

In Fig.[8]we plot our HST photometry in colour-vs-colour diagrams 
along with model colours of simple stellar populations (SSPs). Syn- 
thetic WFC3 and ACS photometry for a grid of SSPs based o n the 
Padova stellar models dGirardi et al.ll200fj| ; lMarigo et al.l2008h was 
obtained from the CMD web-interface, hosted by the Osservato- 
rio Astronomico di Padova^. Model photometry was calculated for 
ages of 10 6 to 2x 10 9 yrs with increments of Alog(Age[yr]) = 0.05, 
metallicities of Z = 0.002 to 0. 030 (0.1 to 1.5 Z Q ) with increments 
of AZ = 0.002, and assuming a lKroupal d200ll) initial mass function 
(IMF). The uncertainties in the synthetic photometry were taken to 
be 0.0 5 mags in the optical filters, and 0. 1 mags for the NUV JyH 
120031) . The SSP models shown plotted in Fig. [8] are of roughly so- 
lar metallcity (Z = 0.020) with extinctions of E(S - 10 = 0.0, 0.115 
and .345 (zero, lx and 3x foreground extinction; ISchlegel et al.l 
Il998h . 

The photometry in Fig.[8]is shown divided into three groups; 
Regions 1 and 2, both situated at the SW tip of the inner filament, 
and the rest of the WFC3/ACS field (see also Table [ATJl. By def- 
inition only those objects with photometry in all three broadband 
filters are plotted in these diagrams, thereby excluding objects that 
were found to be saturated or fell outside the field-of-view of the 
ACS F606W image. This effectively removed all of the bright fore- 
ground stars. Visual inspection of objects 25 and 29 in Region 2 re- 
vealed that the F814W detections were not exactly coincident with 
those in F225 W, suggesting that two different objects - one red and 
one blue - had been observed in each case. Whether the F606W 
detections were of one, the other, or a blend of both the red and 
blue objects was unclear, due mostly to the transformation required 
to map the F606W image to the WFC3 coordinate frame and the 
lower resolution of the ACS instrument. The photometry of objects 
25 and 29 has therefore not been plotted. Object 24, also in Region 
2, falls outside the ranges plotted in Fig.[8]having colours inconsis- 
tent with SSPs and single star models ( 93.2.21 - again suggesting 
the detection of different stars in different filters. 

The photometry of Region 1 is colour-coded depending on the 
location of each object. Objects coincident with strong levels of 
line-emission in the north are plotted in green, while those in the 
south that are associated with little or no discernible line-emission 



http://stev.oapd.inaf.it/cgi-bin/cmd 
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Figure 8. Photometry of detected NUV-bright objects (red diamonds) overlaid on model SSPs. The metallicity of each model grid is solar. Three extinction 
levels are shown: zero (dot-dashed line), foreground (solid line) and 3x foreground (dotted line). The blue crosses in each panel, going from left to right, 
indicate the locations of 5, 10, 100 and 1000 Myr populations on the foreground-extinguised model grid. The photometry of objects in Region 1 has been 
split into two groups: northern objects associated with strong line-emission (green diamonds); southern objects associated with little or no line-emission (red 
diamonds). The northern objects appeal' significantly redder than those in the south, most probably due to higher extinction. See text for detailed discussion. 



are plotted in red. It is clear that objects in the north of Region 1 
are systematically redder in (F225W - F814W) than objects in the 
south. Assuming the two populations are of similar age, with sim- 
ilar intrinsic colours, suggests that the northern population is more 
heavily extinguished - to be expected given its association with 
significant amounts of (line-emitting) gas. It should also be noted 
that the (F606W - F814W) colour of some objects in Region 1 
may be significantly bluer than their actual values due to the partial 
correction of emission line flux as described in 33.1.11 

Several points are immediately obvious from Fig. [8] (i) the 
colours of the vast majority of the NUV-detected objects are con- 
sistent with stellar populations less than 10 Myr old; (ii) all of the 
objects in Regions 1 and 2 of the inner filament have (F225W - 
F814W) colours consistent with such young stellar populations; 
(iii) objects in the northern part of Region 1 are more heavily extin- 
guished than in the south; (iv) assuming foreground extinction, the 
bluest objects in the rest of the WFC3/ACS field may be on average 
slightly older than those in Regions 1 and 2; (v) the reddest objects 
[(F225W-F814W) >1.5] are potentially globular clusters of inter- 
mediate age (~1 Gyr). This includes object 81 (also labelled GC1 
in Fig.[2jl and object 109, the visibly extended cluster candidates^. 

It is important at this point to recognize the limitations of 
SSPs in modeling real stellar populations. SSPs can be used to ac- 
curately model massive clusters (~ 10 6 M o ), but are less effective 
when considering clusters of lower mass. Model SSPs assume a 
fully populated IMF which is only true in the limit of an infinite 
number (and hence mass) of stars. Stochastic sampling of the IMF 
in low mass clusters, particularly with reference to the most mas- 
sive constituent stars, can lead to significant discrepancies between 



mode l colours and observed photometry (e.g. | D olphin & Kennicutt 



20021 ; ICervifio & Luridian3l2004l; Ijamet et al.ll20oi 



Bastian et al 



20051) . ICervifio & Luridianal ( 120041) have calculated minimum clus- 
ter masses (Al""") below which cluster colours are expected to 
show significant dispersion in comparison to model SSPs. At Af "'" 
this dispersion is reported to be at least 0.35 mag in any given fil- 
ter. Al""" is dependent on both the age and metallicity of the clus- 
ter, and also the photometric band in which it is observed, with 
shorter wavelength observations permitting lower values of Al""" . 



ICervifio & Luridianal J2004I) calculate that U -band photometry of a 
4-10 Myr cluster can reach AT"' of 10,000 - 3,000 M , dropping 
as low as 300 M G for a 100 Myr cluster. Assuming a continuation 
of the trend to shorter wavelengths, our F225W (NUV) photometry 
should enable even lower At" "", but here we have opted to assume 
the U -band derived values of ICervifio & Luridianal d2004h as con- 
servative limits. 

Assuming an object to be a SSP, we can make crude estimates 
of its mass by taking rough age and extinction values from Fig. [8] 
and comparing the absolute photometry to model SSPs. Using ages 
of 2 to 5 Myr and extinction of E(B-V) = 0.35 we estimated ob- 
ject 15 - one of the brightest in Region 1 - to be roughly 1,800 - 
2,700 M G . This is around 2 to 3 times lower than our At""" limit 
and we can therefore conclude that, for most objects, age and mass 
estimates derived from SSPs will have large uncertainties 

In an attempt to better utilize SSPs to estimate ages in Regions 
1 and 2, we combined the individual object photometry within 
each region and compared the resultant colours to the entire grid 
of model SSPs. By combining the photometry within each region 
we effectively increased the mass of the fitted stellar population. 
However, we also implicitly assumed that all the objects within a 
region were coeval. This assumption might be reasonable if star- 
formation was triggered by an event which traversed each region 
on a short timescale; e.g. a shock. The estimated mass for Region 
1 - using ages of 2-5 Myr and extinction of E(6 - V) = 0.115 to 
0.35 - was found to be roughly 2,000 to 11,000 M Q , the range in 
mass due mostly to that in extinction. The estimated mass for Re- 
gion 2 was much lower at around 500 to 1 ,000 M Q , assuming o nly 
foreground extinction (E(B - V) = 0.115; ISchlegel et alj[l998l) . In 
either case the combined mass estimates still fall close to, or below 
the values of Al""" discussed earlier, and we must therefore expect 
large uncertainties in our comparison with model SSPs. To at least 
partially account for this in our SSP model fitting we included an 
uncertainty of ±0.35 m ag in each photometric band - equivalent to 
the dispersion noted by ICervifio & Luridianal d2004l) for photome- 
try of clusters with masses of Al""". 

The observed colours were compared to the entire grid of 



9 GC2 was not detected in F225W and is therefore not included in our 
photometry. 



10 In contrast, we derive a mass of 2.5 xlO 6 M for the large globular clus- 
ter candidate object 81 (also labelled GC1 in Fig. [2), assuming an age of 1 
Gyr and foreground extinction of E(B-V) = 0. 1 15 
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model SSP photometry, covering the range of ages and metallic- 
ities described at the beginning of this section. Extinction was al- 
lowed to vary between 0.1 < E(B - V) < 1.0, with appropriate ex- 
tinction coejfidentsderived_ for each filter assuming the reddening 
laws of lCardelli et ail dl989h and a model spectrum of BO super- 
giant from lCastelli & Kuruc j J2004I) . The likelihood of each model 
(oc exp - ix 1 12)) was determined from the value of x 2 , computed 
in the standard way. Each parameter (age, extinction and metallic- 
ity) was then marginalised from the joint probability distribution 
to extract its one-dimensional probability density fu nction (PDF). 
This is the same method as employed by, for example. lKavirai et al.1 
d2007h . 

The marginalised PDFs for Regions 1 and 2 are shown in the 
top panels of Fig. [9] The age-PDFs indicate that the stellar pop- 
ulations in both regions are very young (only a few Myrs old). 
However, the main peak of the Region 1 age-PDF is significantly 
broader than that of Region 2. The Region 1 age-PDF also pos- 
sesses a lower-likelihood tail which extends to much older ages 
- out to roughly 100 Myr. Both of these features are most likely 
due to higher levels of extinction in Region 1, in particular in the 
northern part of this region, which is associated with significant 
line-emission. This becomes clear when we split Region 1 into its 
northern and southern components, and fit each component sepa- 
rately (see middle panels of Fig. [9) . The southern component — 
which is free from line-emission — has similar age and extinction- 
PDFs to Region 2. The northern component — where we see in- 
tense line emission — has a broader age PDF, and a second peak 
in the extinction PDF at higher reddening (E(B -V) ~ 0.375 mag). 
Higher extinction is exactly what one would expect in an HII re- 
gion, owing to the presence of gas, and presumably dust. Note that 
the higher extinction fits are associated with models of younger 
age, which are consistent with the best-fit ages from Region 2 and 
the southern component of Region 1. The older ages are due to fits 
that involve lower assumed extinctions, such that the observed pho- 
tometry appears intrinsically redder and hence older. With more de- 
tailed spectral coverage we might have been able to break this age- 
extinction degeneracy using model fitting alone. However, given its 
apparent association with an HII region, we can reasonably assume 
that higher extinction values are more likely in the northern part of 
Region 1. 

From SSP fitting, we therefore conclude that the young stars 
in Regions 1 and 2 are most likely 1^1 Myrs old, and not older than 
~7 Myrs. 



3.2.2 Single stars 

The individual source photometry was fitted to a grid of syn- 
thetic isochrones, again derived from the Padova stellar models 
dGirardi et al . 2000; Mango et al. 2008f). Each isochrone consisted 
of a set of single star models of the same age, but with different 
masses, and hence different luminosities and colours. The model 
photometry grid included isochrones with ages from 10 6 to 10 8 yrs 
(A log(Age[yr]) = 0.1), and metallicities of Z = 0.002 to 0.030 (A 
Z = 0.002). 

Figure \\0\ shows the observed HST photometry plotted in 
colour-vs-magnitude and colour-vs-colour space along with syn- 
thetic photometry from model isochrones. The HST photometry 
is again divided into three groups, with Region 1 further divided 
into its northern component (green diamonds) - which is coinci- 
dent with significant line emission - and its southern component 
(red diamonds). It is useful to consider Fig. [10] alongside Fig. [3] 
which shows the position of each object in the WFC3/ACS field 



colour-coded relative to its (F225W - F814W) colour. Note that 
not all the photometry listed in Table [ATI is plotted in Fig. [TO] as 
some objects did not have a detection, or were saturated in one or 
both of the F606VK and F814W images. The plotted isochrones are 
of roughly solar metallcity (Z = 0.020) with log(Age[yr]) = 6.0 
to 7.0, in increments of 0.2 dex, and log(Age[yr]) = 8.0. Two lev- 
els of extinction are illustrated in the colour-vs-magnitude plots - 
E(5 - V) = 0.115 and 0.345 - while three levels are shown in the 
colour-vs colour plots - E(S - V) = 0.0, 0. 1 15 and 0.345. 

We again see that objects in the northern component of Region 
1 are systematically redder than those in the south. This reddening 
is especially pronounced in the NUV-optical colours, and is most 
easily explained as being due to excess extinction associated with 
the line-emitting gas in the north of Region 1. The objects in Re- 
gions 1 and 2 are most consistent with single star models of ages 
< 10 Myr. The majority of blue objects in the rest of the field ap- 
pear to be relatively consistent with similarly young stars, although 
there is some indication that the absolute F225W magnitudes are 
on average fainter than those in Regions 1 and 2 perhaps suggesting 
slightly older ages. 

Many of the reddest obects — (F225W - F814W) > 1.5 — 
are saturated in F606W and are most likely foreground stars. By 
assuming distance moduli consistent with Milky Way stars along 
the line-of-sight, all of these objects can be made to lie along the 
main sequence (roughly 14 magnitudes fainter than currently plot- 
ted object photometry). Other red objects, which have good, non- 
saturated detections in all filters, are found to have colours incon- 
sistent with single stars (see the colour-vs-colour plot in Fig. 1 1 0| >- 
These same sources were discussed in the previous section on SSP 
fitting where we suggested they are GC candidates of ~ 1 Gyr old. 
The distribution of the red objects across the field-of-view lends 
further support to our conclusions. If these objects were a popula- 
tion of red supergiants in Cen A we would expect them to be asso- 
ciated with regions of very recent star-formation - i.e. the youngest 
stars in the field. Since they are in fact spread quite evenly across 
the field, it is more likely that they are part of the old stellar back- 
ground in Cen A, or foreground stars in our own Galaxy. 

Two colours — (F225W - F606W) and (F606W - F814W) 
— as well as the absolute magnitude, M f 814H /, of each of the NUV- 
bright sources in Regions 1 and 2 were fitted to the entire grid of 
model isochrones, while extinction was allowed to vary between 
0.1 < E(6 - V) < 1.0 mag. Note again that foregro und extinction 
towar ds Cen A is measured to be E(B - V) = 0. 1 15 l lSchlegel et al .1 
I1998T) . The likelihood of each model fit (oc exp - (x 1 12)) was again 
determined from the value of x 2 - By fitting M^giw we were able to 
break some of the degeneracy in colour-colour space — i.e. distin- 
guish stars of the same colour but different luminosity (and hence 
age). Note that the absolute magnitude uncertainty included a con- 
tribution from the distance modulus of Cen A of ±0.24 mag. 

Figs. II ll&U2lshow marginalized age and extinction-PDFs for 
all of the objects in Regions 1 and 2 (see Fig. [6}. In Fig.QT]the ob- 
jects of Region 1 are separated into two groups corresponding to the 
northern and southern components discussed in Section [3.2.1| Note 
that the objects in the north are generally associated with strong Ha 
emission, while those in the south are not, as can be seen in Fig. [6] 
Our single star model fits indicate systematically higher values of 
extinction in the northern component of Region 1 when compared 
to the south, which is consistent with the result from SSP fitting in 
the previous section. The majority of objects in Region 2 are best-fit 
with low values of extinction, again consistent with the SSP fitting 
results. 

The marginalized age PDFs suggest that all of the NUV bright 
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Figure 9. Marginalised age (left) and extinction (right) PDFs for Regions 1 and 2 in the SW tip of the Cen A inner filament (see Fig. |6). Observed HST 
photometry was fitted to colours of model SSPs, covering a range of ages, extinctions and metallicities (Age = 10 6 to 10' yrs; E(B-V) = 0.1 to 1.0; Z = 0.1 
to 1.5 Z Q ). (Top panels:) Both Regions 1 and 2 are best-fit by young stellar populations of only a few Myrs old. However, the median age and extinction 
associated with Region 1 both appear to be higher than for Region 2. (Middle panels:) Separating Region 1 into Northern and Southern components, it appears 
that the Southern component actually has very similar age and extinction characteristics to Region 2, while the Northern component, which is associated with 
a bright HII region, most probably suffers higher levels of extinction. (Bottom panels:) Limiting the fitting of the Region 1 Northern component to models 
with E(B-V) > 0.30, we find best-fit ages comparable to those of the Southern component and Region 2. The marginalised metallicity PDFs (not shown) are 
flat, owing to the fact that the model colours for such young stellar clusters are almost completely independent of metallicity. 



sources in Regions 1 and 2 are < 10-20 Myrs old, assuming that they 
are single stars. This upper age limit is in line with those derived 
from SSP fitting, although somewhat less constraining. Overall, the 
single star fits appear to corroborate the age and extinction results 
derived from SSP fitting. 



4 TRIGGERED STAR-FORMATION? 

The multi-wavelength picture for the inner Ho- filament is an inter- 
esting one. Starting at the NUV-br ight south-west tip (c orrespond- 
ing to a location near Region A o f lMorgantieUull99lh and mov- 
ing north-east, the UV emission quickly disappears. Instead, dif- 
fuse, gradually decreasing X-ra y emission is observed t o be as- 
sociated with Regions B and C jEvans & Koratkarll2004l) . and no 
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Figure 10. Photometry of detected NUV-bright objects (red diamonds) overlaid on stellar isochrones: log(Age[yr]) = 6.0 to 7.0, in increments of 0.2 dex, and 
log(Age[yr]) = 8.0. All the isochrones shown are of solar metallicity. Colour vs magnitude plots show isochrones with two levels of extinction: foreground 
(solid line) and 3x foreground (dotted line). Colour vs colour plot shows three levels of extinction: zero (dot-dashed line), foreground (solid line) and 3x 
foreground (dotted line). The photometry of objects in Region 1 has been split into two groups: northern objects associated with strong line-emission (green 
diamonds); southern objects associated with little or no line-emission (red diamonds). The northern objects appear significantly redder than those in the south, 
most probably due to higher extinction. See text for detailed discussion. 
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Figure 11. Marginalized age and extinction PDFs for NUV bright objects in Region 1 of the inner filament south-west tip. See Section l3.2.2l f"or details. Object 
ID's correspond to those shown in the top-right panel of Fig. [6] 
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Figure 12. Marginalized age and extinction PDFs for NUV bright objects in 
Region 2 of the inner filament south-west tip. See Section l3.2.2l for details. 
Object ID's correspond to those shown in the bottom-right panel of Fig. [6] 

X-rays at all are found further along the filament. The broad-band 
optical emission paints a similar picture to that in the near UV, with 
discernible stellar clusters only found coincident with the strong 
NUV-flux. This strongly suggests that star-formation (recent or oth- 
erwise) has only occured at the south-west tip of the filament, the 
regi on closest to the radio lo bes . 

ISutherland et all Jl993h suggested that the observed Ha emis- 
sion can arise as a result of interaction of dense molecular clouds 
with AGN radio plasma. In this picture, the radio cocoon induces 
supersonic turbulence in the gas, ablating it from the dense cloud. 
Supersonic clumps produce strong extreme UV and soft X-ray pho- 
tons as they collide, giving rise to the high-excitation lines. Low- 
excitation lines come from shocks in the dense gas. Such multi- 
phase gas is a natural consequence of both the Kelvin-Helmholtz 
instabilit y, and ablation of the outer parts of gas clouds. 

The lSutherland et all model successfully reproduces both the 
high and low excitation lines, as well as the H/3 luminosity ob- 
served bv lMorganti et alj J 199 lh . Moreover, the predicted X-ray lu- 
minosity in the filament is also consistent with the observed value 
jEvans & Koratkaj|2004l) . However, there are two major problems 
with the model. Firstly, the observed X-ray emission is much more 
extended than models pred ict. Secondly (and this is the fundamen- 
tal issue), ISutherland et alj predicted "the presence of a radio jet in 
the vicinity of the inner filaments". As seen in FigureQ] no such jet 
is observed. 



Our WFC3 NUV observations shed new light on this problem. 
In this section, we propose an alternative scenario for formation of 
the filaments, namely shock heating and ablation of a gas cloud by 
a weak bow shock associated with the radio lobes. 



4.1 Ablation of gas clumps 

The basic picture we propose is illustrated in Fig. |T3] and is de- 
scribed as follows. An AGN-inflated radio cocoon expands super- 
sonically into intragalactic gas. The resultant mildly supersonic 
bow shock overruns a molecular gas cloud. The densest parts of 
the cloud are radiative, and the passage of the shock triggers the 
star-formation observed at the south-west tip of the inner filament. 
The more diffuse parts of the cloud are ablated, and compressed as 
they are dragged upwards by the shock front. The morphology of 
the resulting wake strongly depends on local microphysics (eddies 
and Kelvin-Helmholtz instabi lities), and evolves with time. Shocks 
similar to those proposed by ISutherland etafl Jl993f) give rise to 
the Ha emission further up the filament. The shock-heated gas will 
also emit in the X-rays, giving rise to spatially distributed emission. 



4.1.1 Filaments 

Filamentary structures formed by uplifting of gas clumps have 
been ob served in other environments. For example, iFabian et alj 
d2003al) report observations of Ha filaments in the Perseus clus- 
ter, and around NGC 1275 in particular. These authors argue that 
such structures are a natural consequence of the buoyant rise of an 
underdense bubble of radio plasma through the cluster gas. Essen- 
tially, these filaments correspond to gas "falling off" the bubble as 
it rises. It seems plausible that a weak shock could play a similar 
role in Centaurus A. 

Another possibility is that gas clumps were already lined up 
along the filament before something triggered the Ha emission. 
Thi s can happen as a r esult of, for example, a thermal instabil- 
ity dSharma et al.ll2O10l) . Our observations argue strongly against 
this possibility. The warm in terstellar medium is multi-phase (e.g. 
ISutherland & Bicknellll2007h . and any shocks required to give rise 
to Ha emission would necessarily also give rise to star-formation 
in the densest parts of the ISM. The resolution and sensitivity of 
WFC3 is sufficiently high to observe compact groups of (or even 
single) massive stars, and thus there is no surface brightness limit 
to consider. In other words, any young (< 10 Myrs) massive stars — 
even if formed in very small numbers — should be observed in the 
near UV. Similarly, any older stars should be picked up in the /-band 
images. The fact that we don't see any stellar emission anywhere — 
apart from the south-west tip of the filament — suggests that no 
dense gas clumps have been overrun in those regions. In other 
words, our WFC3 observations strongly fav our an extern a l origin 
for the emitting gas. It is worth noting that IFabian et alj d2003al) 
also conclude that it is very unlikely that the cold gas clumps giv- 
ing rise to the Ha filaments in the Perseus cluster are formed in situ 
by cooling out of the hot gas. 



4.1.2 Ha in the star forming region 

If the above picture is correct, the lack of shock-heated X-ray gas at 
the south-west tip, together with the young stellar population, sug- 
gests that only the densest gas remained unablated. Consequently, 
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Figure 13. Density maps from a two dimensional hydrodynamical simulation showing the Cen A AGN-inflated radio cocoon expanding supersonically into 
intragalactic gas. (Left panel:) A mildly supersonic bow shock is induced ahead of the expanding radio cocoon, which overruns a molecular gas cloud, denoted 
Cloud2. The underdense (with respect to the intragalactic medium) radio cocoon is shown in purple. Ambient density of the undisturbed gas corresponds to 
green colours. The expanding bow shock is outside the region shown. (Right panel:) The passage of the shock triggers star-formation in the densest part of 
the cloud (red and yellow colours), and ablates the more diffuse gas, dragging it out along the direction of shock propagation. The ablated material is shock 
ionised, giving rise to the emission-line lament. A detailed 3D simulation of the formation of the Cen A inner filament will be presented in an upcoming paper 
(Antonuccio-Delogu et al. in prep.). 



much of the observed Ho- emission must be due to the photoioniz- 
ing UV-flux associated with star-formation, in contrast to the rest 

of t he filament. 

IWang et al] l ll998l) relate Ha- surface brightness to the density 
of photoionized electrons n e . Rearranging their Equation 2, we get 

" e = Utw in 14 ~i 2 2 I ^'ettaCnT 3 (1) 

\5.9x l(r 14 ergs s J cur 1 arcsec -2 / 

where the ionization parameter U = 4.22 x 10~ 4 r~ L72 is empirically 
found from the ratio r = [s "l- 1 - 1 ^ 716 - 6 ™ , an d e Ha is the ratio of in- 
trinsic to observed surface brightness (i.e. an extinction correction 

in li near flux). 

iMorganti et alj dl99 ll) give an average Ha surface brightness 
value for the entirety of Region A (some 30 arcsec 2 in area) of 1.08 
xlO 15 ergs s -1 cirT 2 arcsec -2 . We find a similar value (1.17xl0~ 15 
ergs s" 1 cirr 2 arcsec -2 ) by performing photometry of the entire re- 
gion in the continuum-subtracted WFC3 F657N image, using an 
80 pixel (3.2") radius aperture. However, around 40 percent of the 
total Ha emission in Region A is concentrated into an area of just 
0.5 arcsec 2 (0.4" radius) centred on the main star-cluster visible 
in Figs.[5]&[U The Ha surface brightness in this sm all area is obvi- 
ously much higher than the average value quoted bv lMorganti et al.1 
d!99lh 

We used a 10 pixel (0.4") radius aperture to measure the 
Ha-flux coincident with the main star-cluster in the continuum- 
subtracted WFC3 F657N image. Correcting for the instrument and 
filter throughputs, we calculated a mean surface brightness within 
the aperture of 2.90xl0~ 14 ergs s -1 cm' 2 arcsec -2 , which is almost 
30 times higher th an the average value for Region A. Note that 
neither this, nor the lMorganti et al] value as quoted, have been cor- 
rected for extinction. 

Literature values — and our best-fit SSP models (Section[3]( — 
suggest modest extinction values between E(B-V) = 0.1 and 0.3 
m ag, yielding en a » 1.3 to 1.9. The line ratios listed in Table 3 
of lMorganti etal] Jl99lh allow us to calculate r = 0.22 for Re- 
gion A, and thus U = 5.71 x 10~ 3 . From Eqn. [TJwe then find 
that ionized gas densities of n e « 112 to 164 cirT 3 (depending 



on the value of en a ) are required to give rise to the observed Ha 
surface brightness, as measured in our 10 pixel aperture. The ion- 
ization param eter U is related to the total ionizing photon flux via 
cp = Un e c/4 dWang et"al]ll998l) . An ionizing flux of greater than 
(4.8 - 7.0) x 10° photons s _1 m 2 is therefore required. 

We can estimate the ionizing photon flux of our observed clus- 
ter from model SSP spectra. In Section 13.2. ll we found the most 
likely age of the recent star-formation to be 1-3 Myrs. Assuming 
that a value of 2 Myrs is appropriate, the mass of the cluster can be 
estimated by scaling a model 2 Myr old SSP to match the observed 
F814W (10 pixel aperture) photometry. This yields a cluster mass 
of roughly 5200 M Q . 

By inte grating the model spe ctrum of a 2 Myr old SSP (Star- 
burst99; see lLeitherer et al.|[l99a) shortward of the 911 A thresh- 
old for hydrogen ionization, and subsequently scaling to the clus- 
ter mass and surface area of the emitting region (i.e. a sphere 
of the same physical radius as our photometry aperture; 0.4" = 
2.20 x 10 17 m), we predict O = 2.75 x 10 14 photons s _1 irr 2 . This 
is in excess of the value required to explain the observed Ha emis- 
sion, suggesting that it can be explained purely by photoionization 
by young stars, in this region at least. 

This approach can be used to estimate the ionizing photon 
flux for a range of assumed cluster ages, and therefore provides an 
alternative method of estimating the age of the stellar population 
from the Ha surface brightness alone. As Figure Q~4] shows, stel- 
lar ages in excess of 4 Myrs cannot produce the required ionizing 
flux. Note that the mass of the cluster — calculated from its F814VK 
photometry — varies with assumed age. 

We note that the above calculation only presents a plausibility 
argument for a significant contribution from newly-formed stars to 
the ionizing flux. Shocks will almost certainly play a role, particu- 
larly at greater radial distance from the young stars, and the relative 
contributions of the two components can only be decoupled with 
detailed high-resolution spectroscopy. In Section |4"2l we show that 
this assumption leads to a prediction for the diffuse gas densities 
that are in good agreement with an independent method. 
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Figure 14. Ionizing photon fluxes and cluster mass estimates vs age of the main star cluster in Region 1 . This cluster is embedded in an HII region in the 
Northern component of Region 1 (see Fig. [6}. Masses are estimated by scaling model SSPs of different ages to match F814W photometry of the observed 
cluster. Ionizing photon fluxes are calculated by integrating model SSP spectra shortward of 91 1 A (the threshold for hydrogen ionization), which are scaled 
to match the estimated cluster masses. The observed Ha surface brightness in the immediate vicinity of the cluster requires an ionizing photon flux of at least 
4.79 X 10 13 photons irT 2 s~' (blue dashed line) suggesting the stellar population must be younger than 4 Myrs. 



4.2 Weak shock 

The lack of a radio jet in the vicinity of the inner filament sug- 
gests that the origin of Ho- emission is quite different from that in 
the outer filament. As outlined above (Section 14.11 and Fig. 1 1 3b . 
a weak shock that shocks and ablates a gas cloud located at the 
south-west tip of the inner filament could account for the observed 
features. Such a shock could arise from an overpressured cocoon of 
radio plasma expanding into the ISM. It is intriguing t o note that an 
HI cl ump is detected in both absorption and emission dStruve et al.l 
l20ld) at the north-eastern edge of the inner northern radio lobe — 
the part of the radio emission closest to our filament. This is also 
the region where the radio jet appears to bend. The very location 
of the HI cloud suggests that the j et could be deflected by the 
cloud (Gopal-Krishna & Wiita 2 0101), as often seen in simulations 
(e.g. ISutherland & Bicknellll2007l ; iGaibler et al. 11201 ll) . The resul- 
tant reorientation of the hotspot (where the jet terminates) would 
change the dynamics of cocoon backfiow, and allow the bow shock 
far away from the hotspot to dissipate. A detailed 3D simulation 
of the formation of the Cen A inner filament will be presented in a 
subsequent paper (Antonuccio-Delogu et al. in prep.). 



the Ha emitting gas near the south-west tip of the filament. For 
10 7 K X-ray emitting gas and 10 4 K Ho- gas this yields a density of 
n x ~ 10~ 3 « e . While n e ~ 100- 150 ctrr 3 immediately surrounding 
the main star-cluster in the south-west tip, the average for Region 
A is n e ~ 4 ctrr 3 . The density of X-ray emitting gas is therefore 
estimated to be n x ~ 4 x 10~ 3 ctrr 3 . 
Dynamical considerations 

Alternatively, average X-ray gas density can be esti- 
mated from radio sourc e d ynamics. Analytic al models of 
iKaiser & Alexanded dl997t) and kaiser etafl d 19971) relate the size 
and synchrotron luminosity of double-lobed radio sources to phys- 
ical parameters such as jet power, source age and the atmosphere 
into which the radio sour ce is expanding. We follow an approach 
similar to that outlined bv lShabala et al.U2008l) to infer the density 
of the hot gas. 

The age of inner lobes of Centaurus A is f aec = 5.6 - 5.8 Myrs, 
and their radio lumin osity is (1.05±0.16)xl0 24 WHz 1 at 327 MHz 
dAlvarez et ai] |2000h . Such young lobes are not expected to suffer 
significan t synchrotron or Inverse Com pto n losses. In this cas e, the 
models o f K at ser & Alexandej d 19971) and lKaiser et al. ||l997l) give 
a closed-form expression for radio luminosity: 



4.2.1 X-ray emission 

Hot gas density 

A shock needs gas to propagate through, and we therefore 
expect diffuse X-ray emissi on to be present betw een the radio 
lobes and the inner filament. iKarovska et ai] d2002h find such dif- 
fuse emission with Chand ra, however their maps a re adaptively 
smoothed to 4.' 2 resolution. lEvans & Koratka3 d2004l) . on the other 
hand, do not detect any diffuse X-rays in the region of interest. 
A lack of observed X-ray emission between the radio lobes and 
inner filament would argue against our interpretation, unless the 
gas is too dilfu se to be detected in t he X-rays. In the first instance, 
we follow the iFabian et al.l d2003bf) analysis of the Perseus clus- 
ter in assuming that the hot ISM is in pressure equilibrium with 



;.0xl0 27 f— V 
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Here, D source is the observed separation of the two lobes, v is the 
observing frequency, R T the axial ratio (length/width) of the radio 
cocoon, <2j et is the jet power supplied to each lobe (equal to half the 
total jet power), and p core , R COIt and /? describe the density profile of 

the hot gas, taken to follow a power law p(r) = p corc I 1 . All 
the other jet and environment parameters (power-law exponent for 
the electron energy spectrum at hotspots, adiabatic in dices for the 
cocoo n and magnetic field) are taken from Case 3 of IKaiser et al.l 
dl997l) . 
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A second equation is required to close the relationship be- 
tween Q Ki and the density profile. The dynamical model of 
iKaiser & Alexander! relates the age and size of the radio source to 
jet power and environment, via: 

/ O \ 1/(545) 

Ao.ce = 2 Cl ^V/< 5 -« pi (3) 
\Pcoie J 

\tl2\( 4(5-« 3 \l l/<5_/3) . . 

where the constant ci = I ) — —-, is of order unity. 

The inner lobes of Centaurus A have D mmce » 10 kpc, R T a 
4.5. Upper and lower limits on the gas density can then be ob- 
tained by assuming a very steep or very shallow gas density pro- 
file. Setting ft = (a constant density profile), Eqns|2]and[3]yield 
Pcore = 4 x 10 43 kg nr 3 , corresponding to n x = 0.04 cm 4 . Al- 
ternatively, setting p = 1.5 and i? corc = 1 kpc (approximately the 
transverse size of the H I gas cloud near the central engine) yields 
Pcore = 1.9 x 10" 23 or n core = 0.019 cm" 3 . At the lobes, this density 
drops by a factor (D sowce /(2R coce ))~^, giving n x = 1.7 x 10~ 3 cm -3 . 
These values are consistent with the equilibrium-derived value of 
n x = 4 x 10 4 cm 4 . The implied jet powers of (1 - 8) x 10 33 W are 
consistent wi th the lower limit of 8 x 10 32 W estimated from X-ray 
observations dKraft et alj2009T) . 

We can also use the size and age of the radio lobes to esti- 
mate the expansion speed of the cocoon. Given the above values, 
the average cocoon expansion speed is v c ~ 510 - 730 kms" 1 , de- 
pending on the a ssumed density profile. Self-similar models (e.g. 
I Alexander l2002h predict the bow shock to expand a factor of 1.2 
faster (v c ~ 600 - 900 kms -1 ). For comp arison, X-ray tempera- 
tures of ~ 0.7 keV (e.g. iKraft et al]|2008h yield sound speeds of 
430 km s 4 . Thus the picture of a mildly supersonic bow shock is a 
plausible one. 

Surface brightness 

Given a density and temperature, it is possible to derive the X- 
ray surface brightness expected from bremsstrahlung cooling. For 
a slab-like geometry, we have: 

Ey = 9.23xl0 48 ( -^-f A(T x )d(— — ) ergs s 4 cm 4 arcsec 4 (4) 
Vcm 3 1 \ arcsec/ 

where D = 3.68 Mpc is the distance to Centaurus A, the cool- 
ing term for T x = 10 7 K is A ~ 2.5 x 10 43 ergs s 4 cm 3 
dSutherland & Dopital [l993ri . and 8d is the depth (in arcsec) of 
the X-ray emitting region along the line of sight. The size of the 
emitting region is d ~ ( 4 3 ^ g " s )■ The spheroid mass of Centau- 
rus A is 6.5 x 10 10 M Q and the absolute upper limit on hot gas 
mass is 10% of this value, yielding d < 35 kpc at the equi- 
librium density of n x = 4 x 10 4 cm 4 . It is worth noting that 
this is a very large radius, likely to be an order of magnitude in 
excess of the actual value. With these parameters, Eqn [4] gives 
~L X < 8.3 x 10 49 ergs s 4 cm -2 arcsec 4 . For comparison, the diffuse 
emission detected in the inner filament, but slightly fu rther away 
from the site of star-formation dEvans & Koratkadl2004h has a flux 
S x > 6 x 10 45 ergs s 4 cm 4 and is ~ 300 arcsec 2 in size, implying 
a surface brightness of £x,obs > 2 x 10 47 ergs s 4 cm 4 arcsec 4 . 
This is a 2.5<r Chandra detection for an integration time of 65 
kiloseconds. Since sensitivity goes as the square root of integration 
time, we don't expect the predicted surface brightess to be observ- 
able until the integration time is extended by a factor of 580 to 38 
megaseconds. We note that the maximum enhancement of X-ray 
emissivity due to the bow shock is around an order of magnitude 
dAlexandeil l2002h . and therefore the suggested weak shock would 
be undetectabl e in available X-ra y observations. This is confirmed 
by simulations. IKraft et al. report X-ray detection of a shock 



around the south-west lobe of Centaurus A. Typical temperatures in 
our simulation around the deflected (north-east) lobe are higher, but 
the maximum density is lower. X-ray brightness scales as n e 2 T l/2 , 
and the global emissivity from the gas tur ns out to be about a factor 
of five less than the measured values ffom lKraft et al.l d2007h . 

4.2.2 Filament size 

If a weak (mildly supersonic) bow shock is indeed responsible for 
the observed NUV and Ha emission, the age of stars at the south- 
west tip should be similar to the shock wave travel time up the 
filament. The extent of the filament is ~ 125 arcsec, or 2.2 kpc . 
Given a sound speed of 300-400 km s 4 dEvans & Koratkaj2004l) . 
and assuming a bow shock speed of 600 - 900 kms 4 (sec Sec- 
tion [4~2~T] above), the expected age of the young stellar population 
is 2.4 - 3.6 Myrs, consistent with the values derived in Section[3] 

4.3 X-ray emission in the filament 

In our picture, both the shocked and ionized gas will be uplifted. 
Both the Ha and X-ray surface brightness are proportional to the 
square of the ga s densi ty (e.g. Eqn [4] of this paper and Eqn 7 of 
ISutherland etal] dl993l) . Therefore, the ratio E Ha /£ x should re- 
main roughly consta nt and we can use the Ho- luminosities of 
llVlorganti et alj dl99lh to predict the expected X-ray surface bright- 
ness along the filament. Diffuse X-ray emission is observed around 
regions B and C. The predicted values for Regions E and F are 
6.8 and 6.4 x 10 48 ergs s 4 cm 4 arcsec 4 respectively, a factor of 
three lower than the 2.5cr surfa c e brig htness above the background 
detected by lEvans & KoratkaJ d2004l) . A ten-fold increase in the 
exposure time should therefore just pick up the diffuse X-ray emis- 
sion. 

4.4 Masses 

The X-ray and Ha surface brightness can be used to estimate the 
initial mass of the cloud that has been disrupted to form the fila- 
ment. 

4.4.1 X-ray 

The X-ray emission is spatially diffuse, and it is likely that a sub- 
stantial part of it is not detected by Chandra in the parts of the fila- 
ment further away from the nucleus. Un der the assumpt i on of X -ray 
emission scaling with Ha we use the iMorganti et al.l J 199 lh val- 
ues to interpolate the X-ray surface brightness profile. This yields 

(tttw ¥—2 2) = 1-04 (-^-) where 8 A is the distance 

V 10 J0 ergss 'cm -arcsec -/ V arcsec I _ il 

along the filament to Region A of iMorganti et al.l dl99ll) . Eqn@] 
then relates this surface bri ghtness to a gas density. Assuming a 
filament width of 20 arcsec dEvans & Koratkanl2004r) . integration 
along the filament yields an estimate for total X-ray gas mass of 
M x = 3.7 x 10 5 M . 

4.4.2 Ha 

A similar estimate for the Ha-emitting gas yields M H „ = 1.2 x 
10 6 M . However, unlike the diffuse X-ray emission, the Ha-flux 
is known to be mostly contained in knots, and therefore this value is 
very much an upper limit. A better estimate is provided by adding 
up the contributions from the Ha knots. We can take n e tx E]/ 2 , 
where the constant of proportionality is derived using Eqn Q] for 
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Region A. This yields M Ha = 2.1 x 10 5 M Q a value which is much 
more consiste nt with the observe d masses of nearby HI clouds of 
< 8 x 10 5 M JStruveetal.ll2010h . 

It should be noted that the above calculation implicitly as- 
sumes the same scaling between electron density n e and surface 
brightness ~L Ha along the Ha filament. However, this may not be 
true, since we have suggested that the Ho- emission in Region A 
may be heavily influenced by the photoionizing flux from young 
stars, while it is dominated by shocks further al ong the filament. 
Using the gas density of n e a 1 cirr 3 derived by I Sutherland et al.l 
i 19931) for their shock model, and assuming the filaments to be 
circularly symmetric about the major axis, we derive a mass of 
M Ha = 1.5 x 10 5 M Q , in good agreement with the value derived 
above from the Ha-flux. 



4.4.3 Cloud constituents 

There is no detectable Hi-flux in the vicinity of the inner fila- 
ment, and the mass of young stars in the south-west tip is esti- 
mated from F814W photometry to be M stars » (2 - 8) x 10 3 M Q . 
Thus, we estimate the total pre-ablation clou d mass of M cloud = 
M x + M Ha + M stars « 5.8 x 10 5 Ms. Recently. [struve et all <201Ch 
have reported observations of two new HI clouds near the inner 
filament, of masses < 8 x 10 5 M G . It is therefore entirely plausible 
that another one of these clouds could have been overrun by a weak 
shock within the last few Myrs. 

The mass of the star-forming component is also entirely con- 
sistent with this picture. A passing shock will only ablate and effi- 
ciently heat the more diffuse gas components of a molecular cloud. 
Dense molecular clumps are radiative (i.e. they have very short 
cooling times), and as a result shock passage can only trigger star- 
formation by compressing the gas. Typical molecular clump masses 
of > 10 3 M Q jKirn & KocfcoOlklShabala et alj|2006l) are consistent 
with the derived mass in young stars. 



5 SUMMARY 

In this paper, we presented high-resolution WFC3 NUV observa- 
tions of the inner filament of Centaurus A. We found a significant 
population of recently formed stars at the south-west tip of the fil- 
ament, and no such population further along the filament. Stellar 
population modeling reveals that these stars have ages of only a 
few Myrs. 

The location and age of this stellar population suggests an ex- 
planation for the origin of the multi-w avelength structure of th e in- 
ner filament. As originally proposed bv lSutherland et all Jl993h . the 
observed optical line emission is driven by shocks originating from 
gas clumps. We propose that these shocks arise due to a weak bow 
shock propagating through the diffuse interstellar medium, from a 
location near the inner northern radio lobe. The shock compresses 
and ablates a molecular gas cloud, triggering the observed star- 
formation at the south-west tip. The dragging out of the diffuse 
cloud gas and subsequent shocks give rise to the observed optical 
narrow-line and X-ray emission. 

We show that the derived stellar ages for the UV-bright pop- 
ulation are consistent with the gas uplifting timescale. We predict 
that much deeper X-ray observations should reveal more faint, dif- 
fuse emission along the filament. More generally, this mechanism 
should be applicable to any galaxy or galaxy cluster containing gas 
clumps and capable of driving weak bow shocks. 



Positive feedback is likely to be present in many systems, per- 
haps even more so at high redshift where the gas supply and gas 
densities are much higher and interaction between AGN and gas is 
much more frequent. This type of process may play an important 
role in the rapid buildup of stellar mass in massive galaxies (e.g. 
Isiikll2005l) . This study is therefore a useful laboratory to trace this 
process, which is both useful from a purely observational viewpoint 
but also as a potential constraint on models of galaxy formation at 
high redshift. 
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APPENDIX A: TABLE OF PHOTOMETRY 



Table Al: Table of photometry. Includes only objects detected in both F225W 
and at least one other filter. Photometry of objects 12, 15 and 16 was per formed 
using small apertures, with aperture corrections derived using ishape l lLarsenl 
Il999h . Visual inspection of objects 25 and 29 revealed that the F814W detections 
were not coincident with those in F225W and F606W. Photometry of the glob- 
ular cluster candidates, objects 81 and 109 was performed using large apertures 
with radii of 3x each object's FWHM in F606W - 0.80" and 0.47" respectively. 



ID. 


R.A. 1 


Decl. 1 




F225W 


F606W 


F814W 


Comment 


Southwest tip - Region 1 












1 


13:26:03.253 


-42:57 


19.36 


23.55(0.11) 


24.68(0.06) 


24.62(0.09) 




2 


13:26:03.264 


-42:57 


19.18 


22.29(0.05) 


24.33(0.04) 


24.21(0.06) 




3 


13:26:03.304 


-42:57 


19.04 


21.16(0.05) 


23.44(0.05) 


23.60(0.04) 




4 


13:26:03.274 


-42:57 


18.88 


22.01(0.07) 


24.28(0.05) 


24.35(0.08) 




5 


13:26:03.282 


-42:57 


18.94 


22.84(0.11) 


24.61(0.05) 


25.00(0.14) 




6 


13:26:03.297 


-42:57 


18.58 


22.57(0.08) 


24.42(0.12) 


24.77(0.06) 




7 


13:26:03.328 


-42:57 


18.38 


23.45(0.08) 


25.70(0.15) 


25.61(0.15) 




8 


13:26:03.320 


-42:57 


18.36 


22.91(0.06) 


24.83(0.05) 


24.87(0.09) 




9 


13:26:03.264 


-42:57 


18.34 


24.23(0.11) 


25.87(0.10) 


26.50(0.27) 




10 


13:26:03.207 


-42:57 


18.31 


22.31(0.05) 


24.65(0.10) 


24.81(0.09) 




11 


13:26:03.325 


-42:57 


18.23 


22.27(0.04) 


24.39(0.05) 


24.53(0.07) 




12 


13:26:03.418 


-42:57 


18.04 


21.04(0.03) 


22.46(0.02) 


22.38(0.03) 


Extended object 


13 


13:26:03.372 


-42:57 


17.82 


24.12(0.11) 


24.75(0.11) 


25.09(0.10) 




14 


13:26:03.502 


-42:57 


17.77 


22.44(0.06) 


24.43(0.04) 


24.68(0.09) 




15 


13:26:03.424 


-42:57 


17.63 


20.32(0.01) 


21.45(0.01) 


21.25(0.02) 


Extended object 


16 


13:26:03.427 


-42:57 


17.49 


20.78(0.02) 


21.14(0.01) 


21.13(0.02) 


Extended object 


17 


13:26:03.453 


-42:57 


17.36 


23.69(0.11) 


23.72(0.09) 


23.71(0.09) 




18 


13:26:03.408 


-42:57 


17.38 


22.98(0.11) 


23.39(0.10) 


23.80(0.17) 




19 


13:26:03.375 


-42:57 


17.34 


23.20(0.06) 


24.28(0.05) 


24.24(0.05) 




20 


13:26:03.332 


-42:57 


17.28 


24.16(0.12) 


24.61(0.07) 


24.73(0.09) 




Southwest tip - Region 2 












21 


13:26:02.940 


-42:57 


21.80 


23.27(0.06) 


24.64(0.07) 


24.50(0.07) 




22 


13:26:02.968 


-42:57 


21.54 


23.61(0.09) 


25.65(0.10) 


25.75(0.20) 




23 


13:26:02.856 


-42:57 


21.09 


24.12(0.06) 


26.02(0.05) 


26.00(0.12) 




24 


13:26:02.904 


-42:57 


20.80 


23.99(0.08) 


25.99(0.07) 


27.27(0.50) 


Very weak F814W detection 


25 


13:26:02.856 


-42:57 


20.73 


24.29(0.10) 


25.38(0.07) 


24.73(0.05) 


F814W detection is different object 


26 


13:26:02.887 


-42:57 


20.46 


20.73(0.04) 


23.03(0.06) 


23.09(0.03) 




27 


13:26:02.889 


-42:57 


19.93 


24.28(0.13) 


26.28(0.09) 


26.22(0.23) 




28 


13:26:02.878 


-42:57 


19.73 


21.14(0.04) 


23.53(0.06) 


23.64(0.03) 




29 


13:26:02.877 


-42:57 


19.41 


24.72(0.17) 


25.71(0.11) 


24.04(0.05) 


F814W detection is different object 


Rest 


of WFC3/ACS field 












30 


13:26:03.538 


-42:58 


38.93 


24.36(0.12) 




23.64(0.03) 


Outside F606W FOV 


31 


13:26:07.384 


-42:58 


07.24 


24.54(0.10) 




24.72(0.09) 


Outside F606W FOV 


32 


13:26:03.736 


-42:58 


02.39 


23.03(0.08) 






Saturated/non-linear F606W & F814W 


33 


13:26:09.251 


-42:57 


58.56 


23.42(0.07) 




18.83(0.07) 


Outside F606W FOV 


34 


13:26:01.558 


-42:57 


46.75 


21.98(0.04) 




16.91(0.04) 


Saturated/non-linear F606W 


35 


13:26:00.483 


-42:57 


46.39 


23.51(0.09) 


24.98(0.05) 


24.95(0.08) 




36 


13:26:00.606 


-42:57 


44.40 


24.15(0.11) 


25.46(0.05) 


25.46(0.16) 




37 


13:26:13.163 


-42:57 


37.06 


23.50(0.09) 




20.92(0.04) 


Outside F606W FOV 


38 


13:26:01.513 


-42:57 


35.51 


24.69(0.13) 


19.76(0.06) 


18.97(0.03) 




39 


13:26:01.862 


-42:57 


33.35 


22.27(0.04) 




16.60(0.02) 


Saturated/non-linear F606W 


40 


13:26:15.019 


-42:57 


28.38 


24.29(0.08) 




25.09(0.09) 


Outside F606W FOV 


41 


13:26:02.694 


-42:57 


28.30 


23.74(0.09) 


19.94(0.07) 


19.22(0.02) 




42 


13:26:06.972 


-42:57 


23.87 


16.85(0.02) 






Saturated/non-linear F606W & F814W 


43 


13:26:01.164 


-42:57 


23.88 


24.27(0.09) 


25.25(0.09) 


24.74(0.06) 




44 


13:26:06.314 


-42:57 


23.22 


22.79(0.05) 


24.83(0.06) 


24.78(0.07) 




45 


13:26:01.534 


-42:57 


22.67 


23.91(0.09) 


25.36(0.10) 


25.19(0.10) 





'Coordinates measured in WFC3 F225W data Continued on next page 
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Table Al - continued from previous page 



I.D. 


R.A. 1 






Decl. 1 






F225W 


F606W 


F814W 


46 


13 


26 


01 


636 


-42 


57 


21 


04 


23 


81(0.12) 


25.17(0.06) 


25 


36(0 


10 


47 


13 


26 


09 


319 


-42 


57 


19 


63 


23 


00(0.08) 


- 


20 


52(0 


02 


48 


13 


26 


04 


809 


-42 


57 


16 


76 


23 


64(0.06) 


25.60(0.09) 


25 


62(0 


14 


49 


13 


26 


04 


841 


-42 


57 


16 


05 


22 


03(0.05) 


23.95(0.11) 


24 


18(0 


08 


50 


13 


26 


11 


406 


-42 


57 


15 


16 


24 


69(0.11) 


- 


18 


31(0 


03 


51 


13 


26 


14 


150 


-42 


57 


13 


46 


18 


67(0.04) 


- 




- 




52 


13 


26 


05 


846 


-42 


57 


1 1 


29 


20 


56(0.03) 


19.40(0.07) 


18 


65(0 


02 


53 


13 


26 


03 


353 


-42 


57 


10 


85 


21 


60(0.04) 


- 


17 


61(0 


02 


54 


13 


26 


11 


240 


-42 


57 


07 


72 


24 


26(0.08) 


- 


23 


14(0 


05 


55 


13 


26 


08 


780 


-42 


57 


07 


60 


24 


67(0.12) 


- 


21 


34(0 


03 


56 


13 


25 


58 


130 


-42 


57 


06 


47 


23 


81(0.09) 


- 


17 


49(0 


02 


57 


13 


26 


00 


599 


-42 


57 


03 


44 


23 


05(0.06) 


23.71(0.07) 


23 


56(0 


07 


58 


13 


26 


02 


147 


-42 


57 


03 


33 


23 


23(0.06) 


20.61(0.08) 


19 


91(0 


02 


59 


13 


26 


02 


016 


-42 


57 


02 


87 


24 


17(0.09) 


25.46(0.09) 


24 


93(0 


10 


60 


13 


25 


59 


413 


-42 


57 


02 


50 


24 


37(0.14) 


24.52(0.06) 


24 


43(0 


06 


61 


13 


25 


59 


159 


-42 


57 


01 


92 


23 


93(0.08) 


25.02(0.05) 


24 


90(0 


08 


62 


13 


25 


59 


050 


-42 


56 


58 


89 


23 


23(0.07) 


24.50(0.07) 


24 


43(0 


05 


63 


13 


25 


59 


644 


-42 


56 


58 


28 


23 


57(0.05) 


24.60(0.05) 


24 


74(0 


08 


64 


13 


25 


57 


687 


-42 


56 


56 


84 


23 


67(0.05) 


23.15(0.06) 


23 


02(0 


03 


65 


13 


25 


57 


128 


-42 


56 


56 


52 


22 


73(0.05) 


21.01(0.09) 


20 


33(0 


04 


66 


13 


26 


00 


489 


-42 


56 


55 


08 


24 


37(0.11) 


25.36(0.09) 


25 


61(0 


16 


67 


13 


26 


12 


125 


-42 


56 


54 


80 


20 


47(0.04) 


- 


17 


16(0 


02 


68 


13 


25 


59 


748 


-42 


56 


53 


16 


24 


01(0.07) 


25.18(0.09) 


25 


14(0 


11 


69 


13 


26 


10 


273 


-42 


56 


51 


09 


21 


95(0.03) 


- 


17 


90(0 


02 


70 


13 


26 


00 


028 


-42 


56 


51 


07 


24 


84(0.17) 


26.38(0.08) 


25 


57(0 


12 


71 


13 


26 


05 


809 


-42 


56 


50 


23 


20 


69(0.03) 


- 


16 


38(0 


05 


72 


13 


26 


00 


079 


-42 


56 


49 


87 


23 


65(0.06) 


24.97(0.08) 


24 


94(0 


07 


73 


13 


26 


00 


573 


-42 


56 


49 


71 


23 


36(0.06) 


23.08(0.06) 


22 


88(0 


03 


74 


13 


26 


08 


224 


-42 


56 


49 


50 


23 


94(0.11) 


24.13(0.08) 


23 


69(0 


06 


75 


13 


26 


03 


122 


-42 


56 


48 


97 


22 


01(0.04) 


- 


16 


82(0 


02 


76 


13 


25 


59 


577 


-42 


56 


45 


09 


23 


73(0.06) 


21.38(0.06) 


20 


59(0 


03 


77 


13 


25 


58 


771 


-42 


56 


40 


10 


24 


19(0.09) 


25.09(0.03) 


24 


69(0 


08 


78 


13 


25 


56 


932 


-42 


56 


39 


31 


23 


23(0.07) 


- 


16 


98(0 


02 


79 


13 


26 


12 


608 


-42 


56 


34 


21 


24 


44(0.21) 


- 


25 


49(0 


11 


80 


13 


26 


06 


155 


-42 


56 


33 


57 


21 


77(0.04) 


23.77(0.06) 


23 


89(0 


03 


81 


13 


26 


05 


386 


-42 


56 


32 


28 


19 


87(0.01) 


17.17(0.01) 


16 


23(0 


01 


82 


13 


25 


57 


294 


-42 


56 


30 


27 


23 


96(0.06) 


20.10(0.06) 


19 


36(0 


02 


83 


13 


26 


06 


849 


-42 


56 


28 


96 


23 


99(0.09) 


25.26(0.04) 


24 


84(0 


09 


84 


13 


25 


59 


533 


-42 


56 


27 


51 


23 


16(0.05) 


24.45(0.09) 


24 


09(0 


06 


85 


13 


25 


59 


684 


-42 


56 


25 


06 


23 


79(0.08) 


25.37(0.10) 


25 


28(0 


11 


86 


13 


25 


59 


413 


-42 


56 


25 


06 


23 


23(0.05) 


25.08(0.08) 


25 


13(0 


09 


87 


13 


25 


59 


310 


-42 


56 


24 


91 


20 


94(0.03) 


22.65(0.05) 


22 


65(0 


03 


88 


13 


26 


03 


337 


-42 


56 


24 


07 


19 


84(0.04) 


- 




- 




89 


13 


25 


59 


278 


-42 


56 


23 


75 


21 


48(0.03) 


23.50(0.03) 


23 


44(0 


03 


90 


13 


25 


59 


597 


-42 


56 


23 


20 


23 


59(0.07) 


25.32(0.07) 


25 


56(0 


15 


91 


13 


25 


59 


385 


-42 


56 


22 


63 


23 


14(0.06) 


25.04(0.06) 


24 


98(0 


07 


92 


13 


25 


59 


546 


-42 


56 


22 


42 


24 


36(0.11) 


26.17(0.05) 


26 


06(0 


16 


93 


13 


25 


59 


388 


-42 


56 


23 


26 


24 


78(0.11) 


25.96(0.07) 


25 


85(0 


20 


94 


13 


26 


08 


344 


-42 


56 


22 


03 


21 


99(0.03) 


- 


17 


39(0 


04 


95 


13 


25 


59 


699 


-42 


56 


21 


36 


21 


72(0.04) 


23.93(0.05) 


23 


99(0 


05 


96 


13 


25 


59 


297 


-42 


56 


21 


17 


21 


72(0.04) 


23.76(0.05) 


23 


64(0 


04 


97 


13 


25 


59 


357 


-42 


56 


20 


67 


22 


33(0.04) 


24.47(0.06) 


24 


64(0 


09 


98 


13 


25 


58 


745 


-42 


56 


20 


31 


23 


77(0.07) 


25.30(0.05) 


24 


91(0 


09 


99 


13 


26 


05 


651 


-42 


56 


19 


00 


23 


03(0.06) 


19.57(0.07) 


18 


60(0 


03 


100 


13 


26 


09 


942 


-42 


56 


14 


55 


24 


07(0.09) 




18 


38(0 


02 


101 


13 


26 


05 


969 


-42 


56 


1 1 


44 


20 


77(0.03) 










102 


13 


26 


07 


718 


-42 


56 


10 


24 


22 


74(0.07) 


22.60(0.11) 


22 


45(0 


04 


103 


13 


26 


03 


636 


-42 


56 


09 


33 


21 


10(0.04) 










104 


13 


26 


05 


352 


-42 


56 


00 


29 


24 


43(0.09) 


20.03(0.08) 


18 


96(0 


03 



Comment 



Outside F606W FOV 



Outside F606W FOV 
Outside F606W FOV; saturated F814W 

Saturated/non-linear F606W 
Outside F606W FOV 
Outside F606W FOV 

Saturated/non-linear F606W 



Outside F606W FOV 
Outside F606W FOV 
Saturated/non-linear F606W 

Saturated/non-linear F606W 



Saturated/non-linear F606W 
Outside F606W FOV 

Globular cluster; some non-linear pixels F606W 



Saturated/non-linear F606W & F814W 



Saturated/non-linear F606W 



Saturated/non-linear F606W 
Saturated/non-linear F606W & F814W 

Saturated/non-linear F606W & F814W 



Coordinates measured in WFC3 F225W data 
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Table Al - continued from previous page 



I.D. 


R.A. 1 


Decl. 1 


F225W 


F606W 


F814W 


Comment 


105 


13:26:05.220 


-42:55:58.91 


20.30(0.04) 






Saturated/non-linear F606W & F814W 


106 


13:26:10.200 


-42:55:58.07 


22.74(0.04) 


19.65(0.08) 


18.88(0.02) 




107 


13:26:06.602 


-42:55:56.69 


23.23(0.05) 




17.81(0.02) 


Saturated/non-linear F606W 


108 


13:26:10.065 


-42:55:55.60 


21.41(0.03) 




17.95(0.04) 


Saturated/non-linear F606W 


109 


13:26:04.165 


-42:55:44.60 


21.32(0.02) 


19.04(0.01) 


18.22(0.01) 


Globular cluster 


no 


13:26:07.989 


-42:55:44.09 


21.25(0.04) 






Saturated/non-linear F606W & F814W 


111 


13:26:06.737 


-42:55:34.92 


24.67(0.20) 


27.21(0.11) 


25.90(0.18) 





'Coordinates measured in WFC3 F225W data 
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